Abstract
Introduction

22
This research work stems from the recent evolution of the Campi Fle- 
55
The involvement of both magma and hydrothermal fluids in the recent 56 evolution of the CF caldera was confirmed by further studies relating defor-57 mation and gravity data to the density of the source of deformation (Gotts- 
59
In this work, we want to quantify the amount of deformation that can 
The ground deformation model
79
The mathematical model presented here is based on the linear theory of 80 poro-elasticity, which describes the elastic deformation of a porous medium 81 taking into account the flow of a hot fluid that propagates through the pores.
82
Here we follow the formulation proposed by Rice and Cleary (1976) and, given 83 the high temperatures of the fluid, we also take into account the thermo-84 elastic response of the rock as described by McTigue (1986) . The deformation 85 e ij due to a given change in pore pressure and temperature is:
where σ ij is the stress tensor; σ kk is the trace of the stress tensor; µ is the 
ij , e ij = e
Now the source is back in its place, but a traction discontinuity exists over 110 its surface: the matrix is still unstressed and unstrained while the source is 111 subject to the artificial "stress glut" τ ij applied to restore its initial volume.
112
The difference between the outer and the inner values of traction is then 113 −τ ij n j . Removal of this traction discontinuity will cause the source to expand 114 again but, this time, the surrounding matrix acts against the expansion and 115 prevents the source from reaching the stress-free volume. The displacement 116 field due to the applied pressure and temperature changes at the source can 117 be expressed in terms of this traction discontinuity (Aki and Richards, 1980) :
where K is the bulk modulus, x is the observation point, x ′ is the source 119 position and G ik is the Green's Tensor.
120
In order to evaluate the divergence of the Green's Tensor we use a system 121 of distributed equivalent forces. The isotropic point source can be mathe- provided by Mindlin (1936) .
126
In this work, we first calculate the displacement due to a single dipole 127 set along thex,ŷ orẑ axes, and then we sum the single components of each 128 field in order to have the total displacement at the observation point. The 129 vertical component of the displacement for this case is:
where F and h are the intensity and arm of each dipole; (x, y, z) is the 131 observation point and (x ′ , y ′ , z ′ ) is the source point; R 1 is the distance 132 between the deformation source and the observation point (R
2 ) and R 2 is the distance between the mirror-source and
2 ).
135
Since we are using a free surface calculation, the horizontal component of the 136 displacement wil be different than the vertical:
where r 2 = x 2 + y 2 and r ′2 = x ′2 + y ′2 represent the radial distance of the 138 observation point and of the source from theẑ axes, respectively. Table 1 .
150
The shallow hydrothermal circulation is driven by the injection of a hot (ca. generates, at the steady state, a wide two-phase plume, with a shallow single-161 phase gas region (Fig. 1a) . High temperature characterizes the entire plume
162
( Fig. 1b) , which is also slightly pressurized with respect to the hydrostatic 163 gradient.
164
Starting from these steady-state initial conditions, the simulation pre- The imposition of a larger discharge rate during the unrest is accompanied 176 by a pressure build-up, which gradually spreads out as the fluids propagate 177 through the system. At the end of the unrest, pressure changes range from 178 +5 MPa, near the fluid inlet, to +0.1 MPa near the ground surface (Fig. 2a) .
179
The unrest is also associated with temperature changes, even if the spe- affecting shallower portions of the domain during the quiet (Fig. 3b) . At shallower depths, as hot fluids rise toward the surface (Fig. 3) . The heated 204 region is not uniform along the plume due to the competing effects of fluid 205 displacement and phase changes during the simulation (Fig. 2d) . It is inter- 
where the free surface and vanishing displacements and stress at remote distance.
227
For the moment, we do not account for the effects of rock deformation 228 back onto fluid propagation (full coupling).
229
The temporal evolution of ground displacement, calculated at the surface,
230
on the symmetry axis, is shown in Figure 4a . The values for thermo-poro-
231
elastic parameters are listed in Table 3 . Uplift begins as soon as the injection 232 rate is increased, at the beginning of the unrest, and reaches the maximum resulting subsidence rate is slower than the uplift rate.
243
The radial distribution of ground uplift, calculated at different times, is 244 shown in Figure 5 . At the end of unrest, the pattern of deformation is similar 245 to a Mogi-type source (Mogi, 1958) : the maximum uplift is right above the 246 source and deformation is mostly confined within 4 km from the symmetry 247 axis (Fig. 5a) . A different pattern characterizes the subsidence. With time,
248
changes along the border of the plume become shallower (Fig. 2) , and some 249 spikes in vertical displacement develop at 500-700 m from the symmetry axis.
250
At the end of simulation (Fig. 5b) , minor subsidence affects the axial region,
251
and vertical displacement vanishes within the first 2 km.
252
The temporal evolution of vertical displacement does not depend only linearly with increased rigidity (Fig. 6b) . 
287
Results show that increasing the fluid injection rate in our system (by 288 a factor 3.5) leads to a maximum uplift of the order of 10 cm, which may 289 double depending on the choice of mechanical properties of the porous rock.
290
A slow subsidence takes place during the quiet phase, when hot fluids reach 291 shallower depths and heating mitigates the effects of pressure drop, leading 292 to a slower evolution.
293
The evolution of the two-phase region during the quiet is associated with acting at different times, but it could also derive from significant changes in 322 rock properties and system conditions after the first major episodes.
323
With the present choice of initial conditions, feeding rate, and rock prop- 
